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Abstract
In this paper, we analyze the symbol error rate (SER) performance of the simultaneous wireless
information and power transfer (SWIPT) enabled three-node differential decode-and-forward (DDF)
relay networks, which adopt the power splitting (PS) protocol at the relay. The use of non-coherent
differential modulation eliminates the need for sending training symbols to estimate the instantaneous
channel state information (CSI) at all network nodes, and therefore improves the power efficiency, as
compared with the coherent modulation. However, performance analysis results are not yet available for
the state-of-the-art detectors such as the maximum-likelihood detector (MLD) and approximate MLD.
Existing works rely on the Monte-Carlo simulation method to show that there exists an optimal PS
ratio that minimizes the overall SER. In this work, we propose a near-optimal detector with linear
complexity with respect to the modulation size. We derive an approximate SER expression and prove
that the proposed detector achieves the full diversity order. Based on our expression, the optimal PS
ratio can be accurately estimated without requiring any Monte-Carlo simulation. We also extend the
proposed detector and the SER analysis for adopting the time switching (TS) protocol at the relay.
Simulation results verify the accuracies of our detector and SER results in various scenarios.
Index Terms
Decode-and-forward, non-coherent detection, performance analysis, relay networks, SWIPT
I. INTRODUCTION
The radio frequency (RF) signal has been widely used as the carrier for wireless information
transmission (WIT). It has also become a new source for energy harvesting (EH) in the wireless
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2power transfer (WPT) process [1]. In recent years, simultaneous wireless information and power
transfer (SWIPT) has emerged as a promising technology to use the RF signal for WIT and WPT
at the same time [2]. SWIPT is an essential technology for various wireless systems to support
different applications (see [3], [4] and references therein), for example, for 5G communications
to support the Internet of Things (IoT) applications [5]. Most of the devices deployed in the IoT
networks are of small sizes and low-powered, and harvesting energy from the RF signals can
be a sustainable solution to provide them with convenient energy supplies [6].
In the SWIPT-enabled relay networks, the relay plays both the roles of EH for WPT and
information processing for WIT. Two main receiver architectures are available for practical use
at the relay [7], namely, the power splitting (PS) and time switching (TS) architectures. For
the PS protocol, the received signal is separated in two portions which are used for the EH
and information processing operations, respectively. For the TS protocol, these two operations
are performed in a time-division fashion. Many novel information-theoretic contributions for
the SWIPT-enabled relay networks have been proposed. To maximize the network throughput, a
hybrid EH protocol was developed in [8], which combines the existing PS and TS protocols. The
ergodic outage probability for the log-normal fading channels and generalized fading channels
were studied in [9] and [10], respectively, where accurate analytical expressions were derived. For
a two-way decode-and-forward (DF) relay network, the outage probability and rate-energy region
were characterized in [11] and [12], respectively. The achievable rates and rate-energy trade-offs
were studied in [13] for a downlink amplify-and-forward (AF) relay network. To achieve secure
communication, [14] studied the secrecy outage probability, where three relay selection schemes
were developed for AF relaying. The energy accumulation method was considered in [15] for
adaptive relaying, where two novel schemes were developed and compared in terms of the
average throughput.
One of the key challenges in the SWIPT-enabled relay networks is that the RF-powered relay
nodes are energy-constrained [16], which restraints the use of high power consumption coding
and decoding, modulation and demodulation techniques. Many existing works, such as the above
works [1], [8]–[14] and [17], [18], use a coherent setup and assume that the instantaneous channel
state information (CSI) is available at the receiving nodes. However, to acquire the instantaneous
CSI requires frequent channel estimations, which causes additional power consumption and is
not friendly for such energy-constrained networks. Moreover, the additionally consumed power
has negative impact on the future data relaying when the total power budget is fixed [19].
3To address this issue, the power-efficient non-coherent differential modulation (DM) technique,
which eliminates the channel estimation requirements, has become an attractive solution.
Several works have been done to study the performance of the SWIPT-enabled differential
DF (DDF) and differential AF (DAF) relay networks in the literature (see [19]–[23]). In the
information-theoretic perspective, for DAF, some performance metrics were studied in [20],
such as the outage probability and the achievable throughput. Different from this perspective, in
this paper, we aim to enhance the performance of the SWIPT-enabled relay networks from the
symbol error rate (SER) perspective. In this case, for DAF, the SER performance of selection
combining was studied in [21], where analytical expressions were derived for the differential
binary phase-shift keying (DBPSK) signal. The SER performances of the maximum-likelihood
detectors (MLDs) based on the PS and TS protocols were studied in [22] and [19], respectively
for DAF and DDF relay networks, and the approximate MLDs with lower complexities were also
obtained. In this paper, we focus on the DDF relay network and these state-of-the-art detectors in
[19] serve as good performance benchmarks. However, they still have high detection complexity.
The MLD and approximate MLD both involve multiple Bessel function calculations and the MLD
even involves multiple integral calculations. Their detection complexities are quadratic and linear,
respectively, with respect to the modulation size. Moreover, their performance analysis results
are not yet available in the literature, and the SERs of the respective systems were studied via
Monte-Carlo simulation. This is possibly due to the non-closed-form detection metrics of the
detectors. For example, the metrics involve the modified Bessel function of the second kind
and/or integral calculations.
To the best of our knowledge, for the SWIPT-enabled DDF relay networks, the SER analysis
associated with a low-complexity near-optimal detector has not been studied in the literature.
The existing Monte Carlo method only gives numerical results, which cannot provide theoretical
insights into the performance, such as the achievable diversity order and the SER performance
with respect to the network parameters, e.g., the PS ratio. Besides, it needs a large sample size to
accurately estimate the distribution, which can be time-consuming [24]. Motivated by the above,
we propose to study the low-complexity near-optimal detection problem and analyze the SER
performance for this DDF relay network, adopting the PS protocol at the relay.
The main contributions are summarized as follows.
• We propose a near-optimal detector with a closed-form metric, which performs very close
to the state-of-the-art detectors in [19] for various modulation sizes. It only involves low-
4complexity arithmetic operations and has linear complexity with respect to the modulation
size. By contrast, the existing detectors involve high-complexity Bessel function and/or
integral calculations.
• For the SER analysis, we develop an approximate SER expression and prove that the
proposed detector achieves the full diversity order of 2. Simulation results verify its accuracy
in various scenarios. This theoretical result is novel in that the existing work [19] only
studied the SER performance via the Monte Carlo method.
• Our SER expression can be used to analyze the SER performance with respect to the
network parameters such as the PS ratio. Based on this expression, we propose two methods
to estimate the optimal value of the PS ratio that minimizes the SER. Both methods are
verified by simulation to be very accurate.
• We also extend the proposed detector and the SER analysis results for adopting the TS
protocol at the relay. Simulation results verify the accuracies of the detector and the SER
results in various scenarios.
The rest of the paper is organized as follows. Section II presents the system model. The
proposed detector and SER expression are derived in Section III, followed by the diversity order
analysis. Section IV analyzes this SER expression and studies the optimal PS ratio. The extension
for the TS protocol is presented in Section V. Section VI presents simulation results followed
by conclusions in Section VII. Related proofs are provided in the Appendix.
Notation: Pr[X] denotes the probability of an event X . E[X] represents the expected value
of X . Re{x} denotes the real part of a complex number x. Q(x) , 1√
2pi
∫∞
x
exp(−z2/2)dz.
II. SYSTEM MODEL
We consider a 3-node SWIPT-enabled PS-based DDF relay network with one source (S), one
half-duplex relay (R) and one destination (D). The system model is shown in Fig. 1, where the
information and power flows are shown using the solid and dashed arrow lines, respectively.
Assume R has no CSI, while D has only the statistical CSI of the S − R link but no CSI of
the other links. S and D have dedicated energy sources such as a battery or power grid, and S
transmits its message with a constant power Ps. However, R has no power supply and can only
harvest energy from the received signals from S for detection and transmission. For the I − J
link, (I, J) ∈ {(s, r), (s, d), (r, d)}, assume small-scale Rayleigh fading hI,J and large-scale path
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Fig. 1: The system model of the 3-node SWIPT-enabled PS-based DDF relay network, where
the solid and dashed arrow lines denote the information and the power flows, respectively. The
source symbol xs is differentially encoded as us for transmission, and similarly for the relay
symbol xr.
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Fig. 2: Block diagram of the relay receiver architecture adopting the PS protocol.
loss LI,J . Let vIJ,1 ∼ CN (0, NIJ,1) denote the complex additive white Gaussian noise (AWGN)
at the receive antenna and vIJ,2 ∼ CN (0, NIJ,2) denote the complex AWGN due to the circuit.
One symbol transmission consists of two time slots each with duration Ts = T/2. In the
first time slot, S transmits its signal to R and D. In the second time slot, R transmits its
detected symbol to D while S remains silent. Differential PSK (DPSK) is used. Let S select a
symbol xs from the M -PSK alphabet, defined as X , {xm = ej2pi(m−1)/M ,m = 1, 2, . . . ,M},
with equal probability. The differential encoding (DE) process is shown in Fig. 1, where xs is
differentially encoded as us for transmission, and R uses the same approach to encode xr as ur
6for transmission. For the k-th symbol, we can write the DE process as
uI [k] = uI [k − 1]xI [k], k = 1, 2, 3, . . . , (1)
where the initialization symbol is defined as uI [0] = 1 and I ∈ {s, r} denotes the transmitting
node (source or relay).
As shown in Fig. 2, the PS protocol is adopted at R for EH with the PS ratio 0 < % < 1.
Specifically, R splits its received signal from S into two portions, a % portion for EH and a
1 − % portion for information detection (ID). We use the linear EH model here for simplicity,
and leave the study of the non-linear model (such as that described in [25]) as future work. The
harvested energy at R is Er = δ%PsLs,r|hs,r|2Ts, and the transmission power at R is
Pr = Pr(%, hs,r) =
Er
Ts
= δ%PsLs,r|hs,r|2, (2)
where δ ∈ (0, 1] denotes the power conversion efficiency at R. The impact of the quality of the
S−R link on the transmission of the R−D link is obvious since Pr is directly affected by the
term Ls,r|hs,r|2, which is a measure of the S − R link quality. The received signal at R for ID
is
ys,r[k] =
√
(1− %)PsTsLs,rhs,rus[k] +
√
1− %vsr,1[k] + vsr,2[k], (3)
and the received signals at D are
yI,d[k] =
√
PITsLI,dhI,duI [k] + vId,1[k] + vId,2[k], (4)
where I ∈ {s, r} denotes the transmitting node (source or relay).
For DM, by assuming the channel coefficients remain unchanged for at least two consecutive
symbol intervals, the received signals in (3) and (4) can also be written as
yI,J [k] =yI,J [k − 1]xI [k] + nI,J , (5)
where I ∈ {s, r} denotes the transmitting node, J ∈ {r, d} denotes the corresponding receiving
node, ns,r =
√
1− %vsr,1[k] + vsr,2[k]− xs[k](
√
1− %vsr,1[k − 1] + vsr,2[k − 1]) ∼ CN (0, 2(1−
%)Nsr,1+2Nsr,2), and nI,d = vId,1[k]+vId,2[k]−xI [k](vId,1[k−1]+vId,2[k−1]) ∼ CN (0, 2NId,1+
2NId,2).
Note that for the detection at R, we adopt [19, eq. (27)], which is performed based on the
relation of the two consecutively received symbols as shown in (5), and thus requires no CSI
of the S −R link. The statistical CSI associated with the S −R link for ID at R is denoted as
7γ¯IDs,r (%) =
(1−%)TsPsLs,r
(1−%)Nsr,1+Nsr,2 (calculated from (3)), which is used at D to calculate the average SER
of ID at R, denoted as , given by (c.f. [19, eq. (33)])
 = (%) ,

1
2[1+γ¯IDs,r (%)]
, M = 2,
1.03
√
1+cos pi
M
2 cos pi
M
[
1−
√
(1−cos pi
M
)γ¯IDs,r (%)
1+(1−cos pi
M
)γ¯IDs,r (%)
]
, M > 2.
(6)
Note that  will be used in the next section for developing our detector.
III. PROPOSED DETECTOR AND SER ANALYSIS
In this section, we introduce our linear-complexity detector, derive an SER expression for this
detector, and analyze the diversity order.
A. Proposed Detector at the Destination
The optimal MLD for DM should find the source symbol that maximizes the conditional joint
probability density of the received signals as
max
xs∈X
f(ys,d[k]|xs, ys,d[k − 1])
∑
xr∈X
Pr(xr|xs)f(yr,d[k]|xr, yr,d[k − 1]). (7)
By using the average SER of ID at R, i.e.,  in (6), to estimate the transition probability terms
as Pr(xr = xs|xs) = 1−  and Pr(xr 6= xs|xs) = /(M − 1), and applying the widely-used max
approximation, which gives the excellent performance, especially at high signal-to-noise ratio
(SNR) (c.f. [26], [27]), we obtain a near-optimal detection metric as
max
xs∈X
{f(ys,d[k]|xs, ys,d[k − 1]) max{(1− )f(yr,d[k]|xs, yr,d[k − 1]),
/(M − 1) max
xr∈X ,xr 6=xs
f(yr,d[k]|xr, yr,d[k − 1])}}. (8)
Further, based on the observation that  < 0.5 is sufficient to ensure 1 −  > /(M − 1), we
remove the constraint xr 6= xs in (8) and finally develop the proposed near-optimal detector,
which is performed based on
xˆs = arg max
xs∈X
{f(ys,d[k]|xs, ys,d[k − 1]) max{(1− )f(yr,d[k]|xs, yr,d[k − 1]),
/(M − 1) max
xr∈X ,xr 6=xs
f(yr,d[k]|xr, yr,d[k − 1])}} (9)
= arg min
xs∈X
{
Re{y∗s,d[k]ys,d[k − 1]xs}
Nsd,1 +Nsd,2
+ min
{
Re{y∗r,d[k]yr,d[k − 1]xs}
Nrd,1 +Nrd,2
+ η,
min
xr∈X
Re{y∗r,d[k]yr,d[k − 1]xr}
Nrd,1 +Nrd,2
}}
, (10)
8where yr,d is a function of % and hs,r since Pr is a function of them (c.f. (2) and (4)), and
η = η(%) , ln [1−(%)](M−1)
(%)
. Note that  and η are functions of % (c.f. (6)) The complexity of
this detector is linear with respect to the modulation size |X | = M , because the enumerations
over xs ∈ X and xr ∈ X are decoupled.
B. Detection Complexity Comparison
The MLD [19] involves integral calculations, which do not have closed-form solutions. To
evaluate its complexity, we adopt the Riemann sum method [28] to approximate the integral
using a finite sum as ∫ b
a
g(s)ds ≈
S∑
n=1
g(sn)
b− a
S
, (11)
where the interval [a, b] is divided into S equal-length subintervals and sn denotes a point
in the n-th subinterval that can be chosen. As such, the integral calculation is transferred to
TABLE I: Number of operations per symbol detection required by MLD, approximate MLD,
and the proposed detector for the SWIPT-enabled DDF relay network using M -DPSK
aaaaaaaaa
Detector
Operation Addition Multiplication Bessel function Table look-upa
MLD M(7MS + 7M) M(15MS + 20M + 8) M2 M(4MS +M + 1)
Approximate MLD 41M 78M 4M 13M
Proposed detector 8M 14M 0 1
aExponential, logarithm, and trigonometric functions and their inverses are included.
countable arithmetic operations. Table I shows the number of operations required by the MLD,
approximate MLD, and the proposed detector for detecting one M -DPSK symbol. We can see
that the MLD and approximate MLD have O(M2) and O(M) complexities, respectively, while
the proposed detector has O(M) complexity. Besides, both the MLD and approximate MLD
involve Bessel function calculations, and the numbers of calculations are O(M2) and O(M),
respectively. By contrast, the proposed detector has a closed-form metric and only involves
low-complexity arithmetic operations.
9C. Approximate SER for the Detector
Consider the case NIJ,1 = NIJ,2 = N0/2 for all links hereafter for simplicity, the instantaneous
SNR of the I−J link is defined as γI,J , Ps|hI,J |
2
N0
, and the corresponding average SNR is defined
as γ¯I,J , PsN0E[|hI,J |2]. Denote the real Gaussian random variables associated with the detection
metric of the I − d link, I ∈ {s, r}, as
ωI,d(z1, z2) = Re{y∗I,d[k]yI,d[k − 1](z2 − z1)}/N0
∼N (uI,d(z1, z2),WI,d(z1, z2)), (12)
and we have
uI,d(z1, z2) =TsLI,d Re{x∗I(z2 − z1)}
PI |hI,d|2
N0
, (13)
WI,d(z1, z2) ≈TsLI,d|z2 − z1|2PI |hI,d|
2
N0
. (14)
The mean in (13) can be obtained by substitutions. For the approximate variance in (14), the
approximation is due to
|yI,d[k]|2 =|
√
PITsLI,dhI,duI [k] + nI,d[k] + vI,d[k]|2
≈PITsLI,d|hI,d|2, (15)
where high order noise terms are ignored [29].
Using the defined variables in (12), an approximate SER expression is derived in Appendix
A, and presented in Proposition 1, where γˇ , [γs,d, γr,d, γs,r], gs,d , sin2
(
pi
M
)
TsLs,d and gr,d ,
sin2
(
pi
M
)
Ts
Ls,rLr,d. PC(γˇ) and PE(γˇ) characterize the conditional SER performances for the two scenarios
where the relay detects correctly and wrongly, respectively.
Proposition 1. For the SWIPT-enabled DDF relay network adopting the TS protocol, the overall
SER of the proposed near-optimal detector is accurately approximately by PC(γˇ) + PE(γˇ) for
M > 2, and 1
2
PC(γˇ) + 12PE(γˇ) for M = 2, where
PC(γˇ) ,2(1− )Q
(√
gs,dγs,d + %δgr,d|hs,r|2γr,d
)
+ 2(1− )Q(√gs,dγs,d+
η
2
1√
gs,dγs,d
)
, (16)
PE(γˇ) , 2
M − 1Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
+ 2Q
(√
gs,dγs,d
)
. (17)
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Correspondingly, the overall average SER can be obtained by averaging over the channel gains
as Pe =
∫ PC(γˇ)pγˇ(γˇ)dγˇ + ∫ PE(γˇ)pγˇ(γˇ)dγˇ, where pγˇ(γˇ) denotes the joint probability density
function of γˇ. It is verified in Section VI that the proposed SER expression is quite accurate
for not too low SNR values. Therefore, it is a good approximation for the actual SER of the
system, and will be used for the SER analysis in the following sections.
D. Diversity Order Analysis
We first analyze the diversity order for the relay detection by studying the average SER  in (6),
where γ¯IDs,r (%) =
2(1−%)TsLs,r
2−% γ¯s,r by substituting Nsr,1 = Nsr,2 = N0/2. After some manipulations
(provided in Appendix C), we have
lim
γ¯s,r→∞
 =

1
4TsLs,r
2−%
(1−%)γ¯s,r , M = 2,
1.03
4
√
1+cos pi
M
2 cos pi
M
1
(1−cos pi
M
)TsLs,r
2−%
(1−%)γ¯s,r , M > 2,
(18)
which decays with 1
γ¯s,r
for all 0 < % < 1, achieving the full diversity order of 1. We can write
lim
γ¯s,r→∞
 = c0
2−%
(1−%)γ¯s,r with some constant c0, and then we have limγ¯s,r→∞
η = ln 1

. Note that such
analysis was not conducted in [19].
We now analyze the SER expressions in Proposition 1 for the entire network. To obtain a
closed-form average SER, we derive in Appendix C that Pe ≈ PC + PE and
PC =(1− )(Z1 + Z2), (19)
PE = Z3
M − 1 +

gs,dγ¯s,d + 2
, (20)
where Z1 = a1
√
2η exp(−2b1η), Z2 = a2% ln(1 + b2%), Z3 = exp(η)Z1, and some auxiliary vari-
ables not related to % are defined as a1 =
√
pi(2gs,d)
− 14
4γ¯s,d
(
gs,d/2 + γ¯
−1
s,d
)− 3
4 , a2 =
2 Ps
N0
δgr,d(gs,dγ¯s,d+2)γ¯s,r γ¯r,d
,
b1 =
1
4
+
√
gs,d/2+γ¯
−1
s,d
2
√
2gs,d
, and b2 =
δgr,dγ¯s,r γ¯r,d
2 Ps
N0
.
Since
lim
γ¯s,r→∞,γ¯s,d→∞
(1− )Z1 =c1
√
ln γ¯s,r
γ¯s,rγ¯s,d
, (21)
lim
γ¯s,r→∞,γ¯s,d→∞,γ¯r,d→∞
(1− )Z2 = c2,1
γ¯s,rγ¯s,dγ¯r,d%
ln
γ¯s,rγ¯r,d%
c2,2
, (22)
lim
γ¯s,r→∞,γ¯s,d→∞
Z3 =c3
2− %
(1− %)γ¯s,r
√
ln γ¯s,r
γ¯s,d
, (23)
lim
γ¯s,r→∞,γ¯s,d→∞

gs,dγ¯s,d + 2
=c4
2− %
(1− %)γ¯s,rγ¯s,d , (24)
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with some constants {c1, c2,1, c2,2, c3, c4}, we have
lim
γ¯s,r=γ¯s,d=γ¯r,d=γ¯→∞
(PC + PE) ∝ 1
γ¯2
, (25)
where γ¯s,r = γ¯s,d = γ¯r,d = γ¯ is used without loss of generality and % is assumed to be finite.
Based on the above, we can see that PC + PE decays at the rate 1γ¯2 for sufficiently high SNR,
and therefore the proposed detector achieves the full diversity order, which is 2.
IV. OPTIMIZED POWER SPLITTING RATIO
In this section, we study the SER performance with respect to % and develop two methods to
estimate the optimal value of %.
A. SER Performance Trade-off
Useful insights can be drawn from the proposed approximate SER expression in various
aspects. As an example, we present the trade-off between the conditional SERs of the two
scenarios where the relay detects correctly and wrongly as a function of % in this subsection.
The EH relay system should take advantage of a S −R link with good quality, and therefore
here we assume sufficiently high average SNR of the S − R link, then there is  → 0 and
η ≈ ln 1

→∞. In this case, PC(γˇ) and PE(γˇ) can be further approximated using the dominating
terms P˜C(γˇ) and P˜E(γˇ), respectively, as
P˜C(γˇ) ,2(1− )Q
(√
gs,dγs,d + %δgr,d|hs,r|2γr,d
)
, (26)
P˜E(γˇ) , 2
M − 1Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
. (27)
We want to emphasize that both  and η are functions of % (c.f. (6)), and therefore P˜C(γˇ) and
P˜E(γˇ) are functions of %. By proving in Appendix B that P˜C(γˇ) and P˜E(γˇ) are monotonically
decreasing and increasing in %, respectively, we can see that there exists a trade-off between
the conditional SERs of the aforementioned two scenarios. One possible explanation is that
increasing the PS ratio % will increase the relay transmission power Pr. For scenario one where
the detection at R is correct, the reliability of the overall S −R−D link is increased, and the
error probability decreases, while for scenario two where the detection at R is wrong, increasing
Pr encourages error propagation, which in turn undermines the network reliability and increases
the error probability. The results suggest that a good trade-off can potentially be achieved by
adjusting %.
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B. Optimized Power Splitting Ratio
Simulation results in [19] show that there is an optimal value of % that minimizes the SER
(see also our simulation results in Section VI). However, the task of finding the closed-form
expression for this optimal value appears intractable. To address this issue, in this subsection,
we propose two methods to estimate this optimal PS ratio off-line numerically.
One method is by calculating the minimum of the average approximate SER expression, i.e.,
Pe, using software packages such as cvx with MATLAB; see [30] for details. This method is
straightforward. However, double integral calculations are needed. To save the computational
effort, we propose a second method by equivalently studying the zero of its derivative with
respect to %, i.e., the zero of ∂PC
∂%
+ ∂PE
∂%
. Based on the chain rule of derivative, we have
∂PC
∂%
=− ∂
∂%
(Z1 + Z2) + (1− )
(
∂Z1
∂η
∂η
∂
∂
∂%
+
∂Z2
∂%
)
,
∂PE
∂%
=
Z3
M − 1
∂
∂%
+

M − 1
∂Z3
∂η
∂η
∂
∂
∂%
+
1
gs,dγ¯s,d + 2
∂
∂%
=
(

M − 1
∂Z3
∂η
∂η
∂
+
Z3
M − 1 +
1
gs,dγ¯s,d + 2
)
∂
∂ρ(%)
∂ρ(%)
∂%
,
where the function ρ(%) is defined as ρ(%) , 1−%
2−% . By further substitutions, we have that the
derivative, i.e., ∂PC
∂%
+ ∂PE
∂%
, can be obtained in closed-form as
∂PC
∂%
=
[
a1
√
2η exp(−2b1η) + a2
%
ln(1 + b2%)
]√
1 + ρ(%)b3
ρ(%)b3
−a3b3
2(1 + ρ(%)b3)2(2− %)2 +
a1

exp(−2b1η)
[
−b1
√
2η +
1
2
√
2η
]√
1 + ρ(%)b3
ρ(%)b3
−a3b3
(1 + ρ(%)b3)2(2− %)2 + (1− )[
−a2
%2
ln(1 + b2%) +
a2b2
%(1 + b2%)
]
, (28)
∂PE
∂%
=
[
1
gs,dγ¯s,d + 2
+
a1
M − 1 exp(η) exp(−2b1η)
[(√
2η
2
− b1
√
2η +
1
2
√
2η
) −2
(1− )+√
2η
]]√1 + ρ(%)b3
ρ(%)b3
a3b3
2(1 + ρ(%)b3)2(2− %)2 , (29)
where a3 = 1.03
√
1+cos pi
M
2 cos pi
M
and b3 = 2(1− cos piM )TsLs,rγ¯s,r are not related to %.
Numerical results in Section VI show that the estimated derivative is monotonically increasing
with % and has a unique zero, which well matches the minimum of the simulated SER.
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Fig. 3: Illustration for the TS protocol. (a) The WPT (green box) and WIT (white boxes)
processes. (b) Block diagram of the relay receiver architecture.
V. EXTENSION FOR THE TIME SWITCHING PROTOCOL
In this section, we extend the proposed detector and the SER analysis results for another
widely adopted EH protocol, i.e., the TS protocol. For simplicity, we will reuse some notations
in Section II.
1) Proposed Detector at the Destination: As shown in Fig. 3, for the TS protocol, the WPT
and WIT processes are performed in a time-division fashion, with αT duration for WPT and
(1− α)T for WIT, where 0 < α < 1 is called the TS ratio. In the WPT process, the harvested
energy at R is Er = δPsLs,r|hs,r|2αT .
In the WIT process, one symbol transmission consists of two time slots each with duration
Ts =
(1−α)T
2
. In a unified form, the received signals at R for ID and at D are
yI,J [k] =
√
PITsLI,JhI,JuI [k] + vIJ,1[k] + vIJ,2[k], (30)
where I ∈ {s, r} denotes the transmitting node, J ∈ {r, d} denotes the corresponding receiving
node, and Pr denotes the transmission power at R obtained from WPT, given by
Pr = Pr(α, hs,r) =
Er
(1−α)T
2
=
2δPsLs,r|hs,r|2α
1− α . (31)
Following the similar derivations as in Section III-A, the proposed detector for using the TS
protocol is performed based on (10), where yr,d is given in (30) and is a function of α and
hs,r, and η = η(α) , ln [1−(α)](M−1)(α) . Note that here  and η are functions of α, and  can be
calculated according to [19, eq. (33)]. Clearly, the detection complexity is still O(M).
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2) Approximate SER for the Detector: The approximate SER expression is presented in
Proposition 2. The proof follows the same logic as that for Proposition 1 and is omitted
here.
Proposition 2. For the SWIPT-enabled DDF relay network adopting the TS protocol, the overall
SER of the proposed near-optimal detector is accurately approximately by PC(γˇ) + PE(γˇ) for
M > 2, and 1
2
PC(γˇ) + 12PE(γˇ) for M = 2, where
PC(γˇ) ,2(1− )Q
(√
gs,dγs,d +
2α
1− αδgr,d|hs,r|
2γr,d
)
+ 2(1− )Q(√gs,dγs,d+
η
2
1√
gs,dγs,d
)
, (32)
PE(γˇ) , 2
M − 1Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
+ 2Q
(√
gs,dγs,d
)
. (33)
Similarly to the proof in Section III-D, we can prove that the proposed detector achieves the
full diversity order of 2. Besides, by calculating the minimum of the average approximate SER,
i.e.,
∫ PC(γˇ)pγˇ(γˇ)dγˇ+∫ PE(γˇ)pγˇ(γˇ)dγˇ, we can estimate the optimal TS ratio, as will be shown
in Section VI-D.
VI. NUMERICAL AND SIMULATION RESULTS
In this section, numerical and simulation results are presented for evaluation. The PS protocol is
adopted at the relay without otherwise stated. The near-optimal SER performance of the proposed
detector and the accuracy of the SER expression are shown. The accuracies of the proposed two
methods for estimating the optimal PS ratio are also validated. The EH efficiency is set to δ = 0.6
without otherwise stated, and we use the bounded path-loss model as LI,J = 11+d2.7I,J to ensure
that the path-loss is strictly larger than one. The distances between the nodes are set as ds,d = 3,
and ds,r = dr,d = 1.5 by default. The SER performance is parameterized by the transmitter SNR
defined as SNR , Ps/N0. The transmission rate is set as R = lnM for simplicity, which only
depends on the modulation size M .
A. SER Performance Comparison for Different Modulation Size M
Fig. 4 compares the SER performances of our detector and the state-of-the-art MLD and
approximate MLD [19] for various transmission rates (modulation sizes) with respect to the
SNR (dB), when % = 0.8. The proposed approximate SER expression is also simulated to show
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Fig. 4: SER performance comparison of different detectors and the proposed approximate SER
expression with respect to the SNR (dB) when % = 0.8 and δ = 0.6, for the SWIPT-enabled
DDF relay networks with M -DPSK.
its accuracy. It can be seen that the three detectors show similar SER performance, and all achieve
the full diversity order of 2. Because it has been verified in [19] that the MLD can characterize
the optimal performance for ID in this SWIPT-enabled DDF relay network, the results verify
that our detector is near-optimal. It is also notable that the approximate SER is quite accurate
for not too low SNR values.
B. Validation of the Optimized Power Splitting Ratio
To validate the accuracy of the two methods proposed in Section IV, which estimate the
optimal PS ratio %, Fig. 5 shows the simulated SER of our detector, and approximate SER and
derivative, for DBPSK with R = 1 (bps) at SNR = 30 dB and 8-DPSK with R = 3 (bps) at
SNR = 40 dB, with respect to %. To show the SER and the derivative simultaneously, double
y-axes is used with the SER value on the left y-axis and the derivative value on the right. There
are several observations that can be made from Fig. 5. The first is that the simulated SER has a
unique minimum. The second is that the proposed approximate SER expression is quite accurate
for all 0 < % < 1 considered, and also shows a unique minimum. The third is that the derivative
is monotonically increasing from negative to positive with %, which suggests that the proposed
approximate SER expression is convex in %. Most notably, it can be seen that the minimums of
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Fig. 5: The simulated SER of the proposed detector and the proposed approximate SER and
derivative with respect to the PS ratio %, when δ = 0.6, for the SWIPT-enabled DDF relay
networks with M -DPSK.
the simulated and approximate SERs and the zero of the approximate derivative are consistent
to the second decimal digit. The optimal values are 0.78 and 0.84, respectively, for M = 2 and
8. Therefore, both the approximate SER and derivative can be used to estimate the optimal PS
ratio accurately.
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Fig. 6: SER performance comparison for different EH efficiency δ with respect to the PS ratio
%, using the proposed detector with 8-DPSK at SNR = 40 dB.
C. Impacts of the Energy Harvesting Efficiency δ and Distance dr,d
Fig. 6 compares the simulated SER for different values of the EH efficiency δ = 0.15, 0.4, 0.6,
and 1 using our detector. The modulation is 8-DPSK and SNR = 40 dB. It can be observed that
for a fixed 0 < % < 1, the SER decreases with δ. This is possibly because as δ increases, R
is capable of harvesting more power from the same received signals, and therefore the overall
SER performance is improved. It is also notable that increasing the EH efficiency δ will shift
the optimal value of % to left. An interpretation of this is that as δ increases, R becomes more
energy efficient, and therefore a smaller value of % is needed to maintain the same reliability as
that of the previous.
Fig. 7 compares the simulated SER for different values of the distance dr,d = 1, 1.5, and 2
using our detector for ds,d = 3, ds,r = ds,d − dr,d, and δ = 1. The modulation is 8-DPSK and
SNR = 40 dB. It can be seen that the optimal value of % increases as dr,d increases. This is
possibly because as dr,d increases, the S−R link becomes better while the R−D link becomes
worse. Then, less power is needed at R for ID to achieve the same reliability as that of the
previous.
D. SER Performance for Adopting the TS Protocol
In this subsection, we verify the results for the TS protocol in Section V. Fig. 8 compares
18
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Fig. 7: SER performance comparison for different R −D link distance dr,d with respect to the
PS ratio %, where ds,d = 3, ds,r = ds,d − dr,d, and δ = 1, using the proposed detector with
8-DPSK at SNR = 40 dB.
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Fig. 8: SER performance comparison of different detectors and the proposed approximate SER
expression with respect to the SNR (dB) when α = 0.4 and δ = 0.6 adopting the TS protocol,
for the SWIPT-enabled DDF relay networks with M -DPSK.
the SER performances of the proposed detector and the state-of-the-art detectors for various
modulation sizes, when α = 0.4 adopting the TS protocol at the relay. The proposed SER
expression is also shown. It can be seen that our detector performs very close to the optimal
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Fig. 9: SER performance comparison for different R −D link distance dr,d with respect to the
TS ratio α, where ds,d = 3, ds,r = ds,d − dr,d, and δ = 1, using the proposed detector with
8-DPSK at SNR = 40 dB.
MLD and achieves the full diversity order of 2. The SER expression is shown to be accurate
for various M .
Fig. 9 compares the simulated SER for different values of the distance dr,d = 1, 1.5, and 2
using our detector for ds,d = 3, ds,r = ds,d − dr,d, and δ = 1, adopting the TS protocol. The
modulation is 8-DPSK and SNR = 40 dB. It can be seen that the optimal value of α increases
as dr,d increases. This is possibly because as dr,d increases, the S−R link becomes better while
the R − D link becomes worse. Then, more power is needed at R for transmission (c.f. (31))
to achieve the same reliability as that of the previous.
Fig. 10 shows the simulated SER of the proposed detector and the approximate SER expression
for DBPSK at SNR = 30 dB and 8-DPSK at SNR = 40 dB with respect to α, adopting the TS
protocol at the relay. We can see that the simulated SER has a unique minimum, the proposed
approximate SER is quite accurate, and the minimums of the simulated and approximate SERs
are consistent. The results verify that the approximate SER can be used to estimate the optimal
TS ratio accurately.
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Fig. 10: The simulated SER of the proposed detector and the proposed approximate SER
expression with respect to the TS ratio α, when δ = 0.6, for the SWIPT-enabled DDF relay
networks with M -DPSK.
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VII. CONCLUSION
In this paper, we have proposed a near-optimal detector with linear complexity with respect
to the modulation size, and developed new SER performance results for the SWIPT-enabled
PS-based DDF relay network. The state-of-the-art detectors are the MLD and the approximate
MLD derived in [19]. They serve as good performance benchmarks. However, their performance
analysis results are not available in the literature, possibly due to the complicated non-closed-form
detection metrics involving functions such as the modified Bessel function. Our proposed detector
has a closed-form metric and its SER performance has been compared favorably with the state-
of-the-art MLD and approximate MLD. We have also proposed an approximate SER expression
for our detector, and this expression has been shown to be rather accurate for various M and
all values of % considered, for not too small SNR values. Through analyzing this expression, we
have presented the trade-off between the conditional SERs of the two scenarios where the relay
detects correctly and wrongly as a function of %. The results suggest that a good trade-off can
potentially be achieved by adjusting %. Moreover, we have proposed two methods for accurately
estimating the optimal PS ratio that minimizes the SER. One is by finding the minimum of the
explicit-form average approximate SER expression, which is straightforward but double integral
calculation is need and is computationally expensive. The other is through finding the zero of
the derived closed-form approximate derivative of the average approximate SER. Both methods
have been verified to be quite accurate by simulation. We also extended the proposed detector
and the SER analysis results for adopting the TS protocol at the relay. In our future work, we
will study the non-linear EH model [31] and other EH protocols [8], [32] at the relay.
APPENDIX
A. Proof of Proposition 1
Without loss of generality, assume x1 is the source symbol and is wrongly detected to xv at
D. Two competing symbol pairs are denoted as (x1, xr) and (xv, xu), xv 6= x1.
For the scenario where the relay detects correctly, we have xr = x1. The problem of obtaining
the dominating PEP terms can be formulated as
max
xv ,xu
{Pr[ωs,d(x1, xv) + ωr,d(x1, xv) > 0],
Pr[ωs,d(x1, xv) + ωr,d(x1, xu) > η]}
subject to (xv, xu) ∈ X 2, xv 6= x1, xu 6= xv. (34)
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Our approach is to take all possible solutions to (34) to formulate an approximate conditional
SER expression PC(γˇ).
To maximize the first term in the objective, based on (13) and (14), we should maximize
Pr[ωs,d(x1, xv) + ωr,d(x1, xv) > 0]
≈Q
(√
−us,d(x1, xv)− ur,d(x1, xv)
2
)
, (35)
and equivalently we should minimize −us,d(x1, xv)−ur,d(x1, xv). Based on some calculations,
we can obtain two possible solutions as xv ∈ {x2, xM}. Similarly to maximize the second term,
the problem is re-formulated as
min
xv ,xu
√
−us,d(x1, xv)− ur,d(x1, xu)+
η√−us,d(x1, xv)− ur,d(x1, xu)
subject to (xv, xu) ∈ X 2, xv 6= x1, xu 6= xv. (36)
We make the assumption that x1 is wrongly detected to its nearest neighbors at D in this case,
which is well justified when the relay detects correctly. After some calculations, the solution
set is obtained as xv ∈ {x2, xM}, xu = x1. Finally, PC(γˇ) can be obtained using all dominating
PEP terms.
For the scenario where the relay detects wrongly, similarly to the previous case, we take all
possible solutions to (37) and (38), respectively, to formulate an approximate conditional SER
expression PE(γˇ).
max
xv ,xu
Pr[ωs,d(x1, xv) + ωr,d(xr, xu) > 0]
subject to (xv, xu) ∈ X 2, xv 6= x1, xu 6= xv. (37)
max
xv
Pr[ωs,d(x1, xv) + ωr,d(xr, xv) > −η]
subject to xv ∈ X , xv 6= x1. (38)
After some calculations, the possible solutions are obtained as xv ∈ {x2, xM}, xu = xr, xu 6= xv,
and xv = xr, xv ∈ {x2, xM}, for (37) and (38), respectively. PE(γˇ) can be obtained accordingly.
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B. Proof of Monotonicity of P˜C(γˇ) and P˜E(γˇ)
Based on the expressions of  and η, there is ∂
∂%
> 0 and ∂η
∂%
< 0. For P˜C(γˇ), since both 1− 
and Q
(√
gs,dγs,d + %δgr,d|hs,r|2γr,d
)
are positive and monotonically decreasing in %, P˜C(γˇ) is
monotonically decreasing in %. By taking the derivative of P˜E(γˇ) with respect to %, we have
∂ P˜E(γˇ)2
M−1
∂%
=
− exp
(
− z20
2
)
2(1− )√2pigs,dγs,d ∂∂% +Q(z0)∂∂%, (39)
where z0 =
√
gs,dγs,d − η2√gs,dγs,d
η→∞≈ − η
2
√
gs,dγs,d
< 0 .
An accurate approximation as Q(z0) ≈ 112 exp
(
− z20
2
)
+ 1
4
exp
(−2
3
z20
)
, z0 > 0 is applied to
(39), then to prove ∂P˜E(γˇ)
∂%
> 0 is equivalent to prove
1
2
√
2pigs,dγs,d
exp
(
− z20
2
)
1− 1
12
exp
(
− z20
2
)
− 1
4
exp
(−2
3
z20
) < 1− . (40)
For the left side of (40), when η → ∞, it can be approximated as 1
2
√
2pigs,dγs,d
exp
(
− z20
2
)
, of
which the value approaches 0, while the value of the right side of (40) approaches 1. Therefore
(40) holds.
C. Derivations for Diversity Order Analysis
1) Derivation of (18): When M = 2, according to (6), it is clear that
lim
γ¯s,r→∞
 = lim
γ¯s,r→∞
1
2
[
1 + γ¯IDs,r (%)
] = 2− %
4(1− %)TsLs,r
1
γ¯s,r
. (41)
When M > 2, we have
lim
γ¯s,r→∞
 = lim
γ¯s,r→∞
1.03
√
1 + cos pi
M
2 cos pi
M
1−
√√√√ (1− cos piM )2(1−%)TsLs,r2−% γ¯s,r
1 + (1− cos pi
M
)2(1−%)TsLs,r
2−% γ¯s,r

(a)
= lim
γ¯s,r→∞
1.03
2
√
1 + cos pi
M
2 cos pi
M
[
1− (1− cos
pi
M
)2(1−%)TsLs,r
2−% γ¯s,r
1 + (1− cos pi
M
)2(1−%)TsLs,r
2−% γ¯s,r
]
=
1.03
4
√
1 + cos pi
M
2 cos pi
M
2− %
(1− cos pi
M
)(1− %)TsLs,r
1
γ¯s,r
, (42)
where (a) is due to lim
z→1
(1−√z) = 1
2
(1− z). Then, (18) can be obtained.
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2) Derivation of the Average Approximate SER: Here we denote
∫ PC(γˇ)pγˇ(γˇ)dγˇ ≈ PC and∫ PE(γˇ)pγˇ(γˇ)dγˇ ≈ PE . We derive the average approximate SER for the DBPSK case (M = 2),
and the expressions for the M > 2 case is similar.
For the second term in PC(γˇ), we have∫
Q
(√
gs,dγs,d +
η
2
1√
gs,dγs,d
)
p(γs,d)dγs,d (43)
≈ 1
2γ¯s,d
∫ ∞
0
exp
(
−(2gs,dγ + η)
2
8gs,dγ
)
exp
(
− γ
γ¯s,d
)
dγ (44)
=
1
2γ¯s,d
η exp(−η/2)
(2gs,d(gs,d/2 + γ¯
−1
s,d))
1
2
K1
η
√
gs,d/2 + γ¯
−1
s,d√
2gs,d
 (45)
≈
√
pi(2gs,d)
− 1
4
4γ¯s,d
(
gs,d/2 + γ¯
−1
s,d
)− 3
4
√
2η exp(−η/2) exp
−η
√
gs,d/2 + γ¯
−1
s,d√
2gs,d
 (46)
,Z1, (47)
where (44) is due to Q(x) ≈ 1
2
e−
x2
2 , x > 0, (45) is obtained according to [33, eq. (3.471.9)] with
K1(γˇ) denoting the first-order modified Bessel function of the second kind, and (46) is obtained
from [34].
For the first term in PC(γˇ), by adopting Q(x) ≈ 12e−
x2
2 , x > 0 similarly, we have∫
Q
(√
gs,dγs,d + %δgr,d|hs,r|2γr,d
)
p(γs,d, γr,d)dγs,ddγr,d
≈ 1
2γ¯s,dγ¯r,d
∫ ∞
0
∫ ∞
0
exp
(−(gs,dγs,d + %δgr,d|hs,r|2γr,d)/2) exp(−γs,d
γ¯s,d
)
exp
(
−γr,d
γ¯r,d
)
dγs,ddγr,d
=
2
gs,dγ¯s,d + 2
1
δ%gr,d|hs,r|2γ¯r,d + 2 . (48)
Further, by taking the expectation over |hs,r|2 = N0Ps γs,r, we have∫
1
δ%gr,d|hs,r|2γ¯r,d + 2p(γs,r)dγs,r
=
1
γ¯s,r
∫ ∞
0
1
δ%gr,dγ¯r,d
N0
Ps
γs,r + 2
exp
(
−γs,r
γ¯s,r
)
dγs,r
=
Ps
N0
exp
(
2 Ps
N0
δ%gr,dγ¯s,r γ¯r,d
)
δ%gr,dγ¯s,rγ¯r,d
Γ
(
0,
Ps
N0
2
δ%gr,dγ¯s,rγ¯r,d
)
, (49)
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where (49) is obtained using [33, eq. (3.471.13)], and Γ(α, z) ,
∫∞
z
tα−1 exp(−t)dt is the upper
incomplete gamma function. Since
Γ(0, z) < E1(z) ≈ exp(−z) ln
(
1 +
1
z
)
, (50)
where E1(z) is the exponential integral function, we can estimate (48) using an upper bound as
Z2 ,
Ps
N0
2 ln
(
1 +
δ%gr,dγ¯s,r γ¯r,d
2 Ps
N0
)
(gs,dγ¯s,d + 2)δ%gr,dγ¯s,rγ¯r,d
. (51)
Based on the above, we have (19).
For the first term in PE(γˇ), we have∫ ∞
0
Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
p(γs,d)dγs,d
≈ 1
γ¯s,d
∫ η
2gs,d
0
exp
(
− γ
γ¯s,d
)
dγ +
1
2γ¯s,d
∫ ∞
η
2gs,d
exp
(
−(2gs,dγ − η)
2
8gs,dγ
)
exp
(
− γ
γ¯s,d
)
dγ, (52)
where the first integral has a closed form solution as 1− exp
(
− η
2gs,dγ¯s,d
)
, which approaches 0
at high SNR. The second integral can be calculated similar to Z1 as
(8gs,d)
−1/2η exp(η/2)(
gs,d/2 + γ¯
−1
s,d
)1/2
γ¯s,d
Kv
η
√
gs,d/2 + γ¯
−1
s,d√
2gs,d

≈ exp(η)Z1
,Z3. (53)
For the second term in PE(γˇ), we have

∫ ∞
0
Q
(√
gs,dγs,d
)
p(γs,d)dγs,d ≈ 
gs,dγ¯s,d + 2
. (54)
Based on the above, we have (20).
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